ABSTRACT Background Previous tools for stroke risk assessment have either been developed for specific populations or lack data on non-fatal events or uniform data collection. The purpose of this study was to develop a stepwise model for the estimation of 10 year risk of stroke in nine different countries across Europe. Methods Using data from the MOnica Risk, Genetics, Archiving and Monograph (MORGAM) Project, sex-specific models estimating 10 year risk of stroke were developed using a Cox regression model stratified by country and including modelling of competing risks. Models were developed in a stepwise manner first using only data from questionnaires, and then adding data from physical examinations and finally data from blood samples. Results During 1 176 296 years of observation, 2928 incident fatal and non-fatal events of stroke were registered. The developed model showed good calibration and accuracy of prediction. The discrimination of the model varied between sex and country but increased with increasing number of variables used (area under the receiver operating characteristic curve between 0.77 and 0.79 in men and between 0.75 and 0.80 in women). Conclusion The present study shows that using a large multicountry cohort from nine European countries it is possible to develop a stepwise risk estimation model for 10 year risk of stroke tailored to different availability of risk factors and still obtain valid measures of risk even in the simplest form of the model, with increasing performance of the model following increasing complexity. The methods chosen which separate this model from previous models (competing risk and stepwise approach) should be considered for future risk estimation models.
INTRODUCTION
During the last two decades several risk appraisal tools have been developed for prevention of cardiovascular disease (CVD). Most of these were developed for coronary heart disease (CHD) or the combined end point CVD, but few have been developed for stroke only. The Framingham Heart Study was the first to develop a risk estimation tool for stroke, 1 a model which has since been used in several guidelines for CVD prevention.
Other stroke risk estimation tools have subsequently been developed, 2e6 but these models have been either developed for fatal non-CHD events only 2 or limited to one population. 3e6 It has become evident that risk models developed using data from Framingham have poor predictive or discriminative ability in other populations. 7e9 There is need for risk estimation models that are sensitive to the differences in absolute risk between countries. The development of such models requires a multicentre study across several populations with a uniform standardised data collection, as done in the MONICA populations. 10 11 In order to be able to tailor models to clinical settings of diverse resources it could be useful to develop risk estimation models of increasing complexity using a stepwise approach. In this way it is possible to estimate risk based solely on data from questions, then based on questions and physical examinations and finally including data from blood samples. This approach has, to our knowledge, never been used before.
The purpose of this study was first to develop a risk model for the estimation of 10 year risk of fatal and non-fatal stroke in a stepwise approach, in nine different countries across Europe, and secondly to estimate the predictive and discriminative ability of the model in each of the steps and for each of the countries included.
METHODS
The present study used baseline and follow-up data on fatal and non-fatal stroke from 16 centres in nine different European countries from the MOnica Risk, Genetics, Archiving and Monograph (MORGAM) collaboration. 12 The cohorts included in the MORGAM study were either examined as part of the WHO MONICA Project or MONICA procedures were used at baseline. The three French PRIME cohorts only included men (table 1) . Details of the cohorts have been described elsewhere. 13 Data collection on risk factors at baseline and cardiovascular end points during the follow-up were harmonised according to the MONICA and MORGAM manuals, respectively. 14 15 Diabetes, use of antihypertensive drugs and daily smoking at baseline were self-reported. The data from the baseline physical examinations included body mass index (BMI), calculated as weight (kg) divided by the square of the height (m 2 ), and blood pressure, which was measured twice in the right arm in a sitting position after 5 min of resting using a standard mercury or the random-zero mercury sphygmomanometer, 11 except in the French PRIME cohorts where blood pressure was measured once using an automated device. In the present study, < An appendix is available online only. To view this file please visit the journal online (http://heart.bmj.com).
the mean of the two measurements has been used. Total serum cholesterol and high-desity lipoprotein (HDL) cholesterol were measured from blood samples.
11
Each member of the different MORGAM cohorts was followed-up for fatal and non-fatal stroke and death from any cause. Fatal stroke cases were identified by national or regional health information systems. Non-fatal strokes were identified by a linkage to a specific population-based stroke register, the hospital discharge registers or by contacting the cohort members. Most centres validated the end point events using the original WHO MONICA diagnostic criteria based on clinical presentation rather than imaging technique. 16 There was an upper age limit of follow-up for non-fatal stroke in Poland (65 years), Lithuania (65 years), Russia (75 years) and Sweden (75 years). These age limits were applied for all follow-up in these cohorts in this analysis. Details of the baseline and followup procedures used in each cohort, and the quality of the data have been published elsewhere. 17 
Statistics
Subjects with documented or self-reported history of myocardial infarction or stroke at baseline or missing information on one or several of the included variables were excluded. All included subjects were used when developing the model, but only those cohorts with a minimum follow-up of 10 years were used in validating the model. All analyses were conducted separately for men and women. Risk estimation models for 10 year risk of stroke were developed using a Cox regression model with age as underlying time scale and a similar Cox regression model for the competing risk of dying without preceding stroke events. The two developed models were then combined to give a model for the absolute risk. 18 In this way it is possible to estimate the risk of an event given that you do not die before the event. The Cox regression models were stratified by countrydthat is, the baseline hazard varies between countries but the effects of the covariates are the same. Possible interaction terms between country and the covariates were included one by one to test whether the effect of the covariate depended on country. Significant interactions were observed in women for smoking. Continuous variables were modelled using quadratic effects or restricted cubic splines with knots at 5, 35, 65 and 95% when deviations from linearity were observed.
Explanatory variables were added to the model in a stepwise approach simulating the clinical setting, starting with data obtainable through questions: diabetes (dichotomised (yes/no)), treatment for high blood pressure (dichotomised (yes/no)) and smoking (dichotomised (yes/no)); followed by data from *MONICA centre refers to populations included in the original MONICA study. MONICA procedures refer to populations not included but using MONICA procedures. yNo. of subjects used in the analyses/no. of subjects used for model validation. zThree cohorts use the age range 25e64, while one cohort use the age range 25e74.
physical examinations: BMI (modelled as a restricted cubic spline for men, with quadratic effect for women) and systolic (SBP) (linear) and diastolic blood pressure (DBP) (linear); ending with data only obtainable from blood samples: total serum cholesterol (linear) and HDL cholesterol (modelled as a restricted cubic spline). Furthermore, the predictive and discriminative ability of a model consisting only of data from blood samples and a model consisting of data from blood samples and physical examinations were determined.
Evaluating the ability of the model
In the validation of the stroke risk model only the cohorts with a minimum of 10 years of follow-up were used, excluding 21 797 individuals (24.7%) from the validation (table 1) . The validation of the model was determined by assessing both the predictive ability and the discrimination of the model. The predictive ability of the model was determined comparing observed and predicted events using the HosmereLemeshow test of goodness of fit and the Brier score. The Spiegelhalter test was used to test whether adding variables from another step to the model significantly improved the Brier score.
The discriminative ability of the model was assessed using the area under the receiver operating characteristic curve (AUC). The AUC was calculated for every model in each of the steps and tested for significant differences using the SAS macro ROC. 19 Furthermore, the integrated discrimination improvement (IDI) and net reclassification index (NRI) were calculated. 20 In order to prevent the model from being too optimistic and sensitive to changes in data, the developed stratified stroke risk models including competing risk were validated using bootstrap sampling methods with 1000 repetitions, allowing us to estimate slope shrinkage (a measure of relative calibration) for the Cox regression models, and the mean of the 1000 Brier scores and AUC measures, which were compared with the original estimates.
All analyses were conducted using the statistical software program SAS version 9.2 (SAS Institute, Cary, North Carolina, USA) with a statistical significance level of 5%, except for the HosmereLemeshow c 2 test where a significance level of 1% is used.
RESULTS
During 1 176 296 person-years of observation 2928 fatal and non-fatal events of stroke were registered (table 1). The HRs of the included variables of the risk model are seen in table 2, with the most important risk factors being diabetes, treatment for hypertension, smoking and SBP. For women, a positive interaction was seen between country and smoking on the risk of stroke. The restricted cubic splines are difficult to interpret, but were used since deviations from linearity were observed. Graphical presentations showed the expected relationship between the risk factors and risk of stroke (j-shaped curve illustrating the relationship between BMI and risk of stroke and decreasing risk with decreasing HDL cholesteroldfigures not shown).
Predictive ability
The HosmereLemeshow test of goodness of fit showed that the model was well calibrated in all steps and for all sex-and country-specific variations (two-sided p>0.01).
When comparing observed and predicted number of events for all countries combined we saw that for men the model predicted extremely well, with a slight tendency towards overestimating the risk of stroke (table 3) . When looking at the countries individually, we saw a slight overestimation for Denmark, Sweden, Lithuania and Scotland, whereas for Finland there was a tendency towards an underestimation.
For women the model with all countries combined had a tendency to overestimate the risk of stroke (table 4) . When looking at the countries individually, we observed a small overestimation in Denmark, a slight underestimation for Finland and a very large overestimation of stroke risk for Lithuania, explaining the overestimation of events in the model with countries combined. For the rest of the countries events were predicted with great accuracy.
When using the Brier score as a measure of predictive ability there were generally very low scores, indicating good predictive ability for all sex-and country-specific models (tables 3 and 4). No significant differences in Brier scores were observed between the different steps in the model, neither in total nor within each country.
Discriminative ability
Discriminative ability measured as the AUC varied between country-and sex-specific models.
For men, the model combining all countries showed an increasing AUC when adding another group of variables to the Continued model. Adding data from blood samples led to a significant yet minimal increase in discrimination (table 3) . The lowest AUC was seen in the model containing only data from blood samples (AUC¼0.759) and highest in the model containing all three steps (AUC¼0.791). When looking at the country-specific models, a large AUC close to or above 80% was seen for Finland, Sweden, Russia and Italy, and all the country-specific models had acceptable discriminative ability, with France and Lithuania as the lowest with an AUC of w70% (table 3) . Using IDI, there was an increasing discrimination with an increasing number of steps. However, including a third step in a model already containing data from physical examinations did not result in significant increases in IDI for several countries (table 3) , and for several countries very small increases or even a decrease in IDI was seen (Sweden, Poland, Lithuania, Russia, France, Italy and Scotlanddtable 3). Reclassification using NRI showed similar results (table 5A) . Adding physical examinations to the model significantly increases classification by 8%; however, no improvements are seen when adding a third step. For women, a similar picture was seen, although the lack of increasing discriminative ability when adding data from blood samples was even clearer using both the IDI and AUC. The model combining all countries showed an AUC between 0.753 for the model containing data from blood samples alone and 0.801 for the full model (table 4). The same AUC could be obtained using only data from questionnaires and physical examinations. When looking at the countries individually, we see that the models discriminate better for women than for men, except for Finland and Sweden. The countries where the models discriminated the best were Poland, Russia and Italy, with an AUC close to 90% (table 4). When NRI was calculated, only modest changes were seen in classification (table 5B) .
The validation using bootstrap sampling methods showed slope shrinkage close to 1 for all sex-and country-specific models (highest 1.0078 and lowest 1.00034), strongly indicating that the original developed models were robust and not sensitive to change in data. In the same way, the mean AUC and mean Brier scores were almost identical to the scores from the original models.
DISCUSSION
A recent paper from the MORGAM project deals with RR of stroke in different populations. 21 In the present study the absolute risk of stroke is investigated. It is worth noting that even the simple model containing only information from either questions or blood samples had good predictive ability and that there were no significant increases in predictive ability with increasing steps. However, the discriminative ability of the model varied between countries and increased when adding further steps to the model. It is worth noting that the step including physical examinations seemed to have most influence on the discriminative ability, which is not surprising since it contains BMI and, more importantly, SBP and DBP. When using the AUC, the combined model for all countries had similar or even higher discriminative ability than previous models (0.79 for men and 0.80 for women). 4 5 These results show that it is possible to develop risk estimation models that can be tailored for different countries and different settings according to data and resources available. This is of real public health importance since it is possible to develop simple models with acceptable performance and use these in low resource healthcare settings.
The strengths of this study lie in the use of data from the MORGAM collaboration. The use of large cohort studies from nine countries with a uniform baseline data collection following the WHO MONICA protocol and the registration of both fatal and non-fatal stroke cases with strict diagnostic criteria ensures comparable data for stroke risk estimation. Still some limitations have to be noted. In this study we do not separate ischaemic and haemorrhagic strokes since stroke subtype definition was not possible in all cases or populations. In some populations, CT scanners were not available, especially in the first years of registration, or autopsy rates were low in patients dying outside hospital. Other limitations are the limited number of risk factors used in the model. Possible risk factors such as alcohol consumption, physical activity or triglycerides were not available from all cohorts. The use of diabetes at baseline in the model results in an exclusion of two Russian cohorts since they have no information on self-reported diabetes. For the included cohorts from Russia and Lithuania, 10% and 9%, respectively, are excluded due to missing data on HDL cholesterol. This may result in selection bias if the data are not missing at random.
Adding the measure of the competing risk to the developed model is an important strength of this study. Previous tools for risk prediction/estimation work under the assumption that during the period of prediction (eg, 10 years) there are only two possible disease states. Either you are disease free or you are an incident case. This is a false assumption since it is possible to die of a competing event in the same time period. By including the risk of a competing event, the predictive accuracy of the risk model will increase. In a recent publication, this approach has been suggested to be applied to cardiovascular risk estimation. 22 The choice of variables included in the model was made a priori. The model includes diabetes as in several models of risk *Q, data from questionnaires, E, data from physical examinations; B, data from blood samples. yObserved number of events within 10 years. zPredicted number of events within 10 years. xBrier score: average discrepancy between observed disease state after 10 years and the estimated risk. {Comparison of Brier scores between the current and the preceding model. **Area under the curve. yyTest of difference between AUC from previous and actual model. zzIntegrated discrimination improvement. Gained discrimination from previous to present step. xxTest whether IDI differs from 0. 24 and the QRISK 25 and smoking as in all risk estimation models. From physical examinations, BMI, SBP and DBP are obtained. Few models include DBP, but recent studies from the Framingham Heart Study suggest that using both SBP and DBP results in models superior to its single components. 26 From blood samples, total and HDL cholesterol are obtained. The Framingham stroke model 1 did not include lipids, but several models for CVD risk estimation include total cholesterol 2 27 and some include HDL cholesterol. 23 27 The purpose of the stepwise approach to risk estimation was to imitate the clinical setting and to be able to tailor risk estimation models to different settings and still obtain valid estimations of risk. Previously the EUROSTROKE study developed a model in three stepsdthat is, patient history, blood pressure and fibrinogendand concluded that stroke events could be predicted using only patient history and simple examinations, 28 a conclusion which is supported by the findings from the present study. Work from the Framingham Heart Study and the NHANES have assessed the usefulness of a non-laboratory model substituting serum cholesterol with BMI with good results, 29 30 although the models were developed for CVD and not for stroke in particular.
A possible limitation of this study is the lack of socioeconomic status (SES) as a factor in the risk model. Both the ASSIGN and the QRISK score models have included measures of SES. 25 27 Since there is a social gradient in CVD, neglecting SES might result in a situation where risk of stroke is overestimated in the higher social groups but underestimated in the lower social groups.
For the three French PRIME cohorts, the model predicted with great accuracy but the discrimination was the lowest among the countries, with an AUC between 0.625 and 0.699. These findings persisted when looking at the three French cohorts separately (data not presented). The most likely explanation is the narrow age range of the French cohorts at baseline (table 1). The strong effect of age range of the studied population on the AUC is a limitation if evaluation of a model is based solely on the AUC.
Diabetes is used self-reported, and the fact that the definition of diabetes has changed over time together with the knowledge that up to 50% of examinees are not aware of their diabetic status means that the effect of diabetes might be under-reported.
A general limitation of any risk estimation model is that exposures or risk factor status are only measured once and may change from baseline and during follow-up. Therefore, some countries might have experienced a fall in, for example, blood pressure or smoking, while others have experienced a rise. This might explain the significant interaction between country and smoking for women seen in table 2.
The present study shows that using a large multicountry cohort from nine European countries it is possible to develop a stepwise risk estimation model for 10 year risk of stroke tailored to different availability of risk factors and still obtain valid measures of calibration and discrimination even in the simplest form of the model, with increasing performance of the model following increasing complexity. The methods chosen which separate this model from previous models (competing risk and stepwise approach) should be considered for future risk estimation models. Competing interests None.
